Cation levels within the cytosol are coordinated by a network of transporters. Here, we examine the functional roles of calcium exchanger 1 (CAX1), a vacuolar H 1 /Ca 21 transporter, and the closely related transporter CAX3. We demonstrate that like CAX1, CAX3 is also localized to the tonoplast. We show that CAX1 is predominately expressed in leaves, while CAX3 is highly expressed in roots. Previously, using a yeast assay, we demonstrated that an N-terminal truncation of CAX1 functions as an H At the whole-plant level, it has been well documented that there is a complex interplay among various ions (Marschner, 1995) . For example, supplemental Ca 21 is known to mitigate the adverse effects of salinity on plant growth (Epstein, 1972) . Recently, it has become possible to measure the sum total of the plant's mineral nutrient and trace element composition, termed the ionome (Lahner et al., 2003) . The ionome phenotypes now allow investigators to assess how alterations in specific transporters affect these ionic relationships.
signal. Second, they load Ca 21 into compartments such as the vacuole to deposit Ca 21 for future release. Third, they supply Ca 21 to various organelles to support biochemical functions. For many Ca 21 transport pathways into endomembrane compartments, the transfer of Ca 21 is directly coupled to proton movement Gaxiola et al., 2002) . While plant scientists have long recognized the importance of H 1 and Ca 21 gradients across endomembranes, the array of different types of Ca 21 transporters, along with their functional redundancy, has hindered our ability to study the physiological impact of perturbing Ca 21 transport function. At the whole-plant level, it has been well documented that there is a complex interplay among various ions (Marschner, 1995) . For example, supplemental Ca 21 is known to mitigate the adverse effects of salinity on plant growth (Epstein, 1972) . Recently, it has become possible to measure the sum total of the plant's mineral nutrient and trace element composition, termed the ionome (Lahner et al., 2003) . The ionome phenotypes now allow investigators to assess how alterations in specific transporters affect these ionic relationships.
Ca 21 and other cations can accumulate to millimolar levels in the vacuole, whereas the concentrations of these cations are maintained in the micromolar range in the cytosol (Taiz et al., 1990; Marty, 1999 (Sze et al., 2000) . The driving force for cation antiport activity is the pH gradient generated by two electrogenic proton pumps located on the membrane, an ATPase and a pyrophosphatase (PPase; Sze et al., 1999) . In principle, the proton pumps and the H 1 / cation exchangers can both dramatically alter the cation content of the vacuoles.
Plant H 1 /Ca 21 exchangers were cloned by the ability of N-terminal truncated versions of the proteins to function in yeast (Saccharomyces cerevisiae) mutants defective in vacuolar Ca 21 transport (Hirschi et al., 1996; Ueoka-Nakanishi et al., 2000; Pittman and Hirschi, 2001 ). These genes were originally termed Ca 21 exchangers (CAX), and the N-terminal truncated versions called short-CAX (sCAX). Arabidopsis (Arabidopsis thaliana) appears to have many putative CAX transporters (Mäser et al., 2001 ) that may possess different biochemical properties. For example, N-terminal truncated versions of CAX1 and CAX2 can function in yeast as H 1 /Ca 21 exchangers; CAX1 is a high-capacity Ca 21 transporter, whereas CAX2 has a lower capacity for Ca 21 and appears to transport other metals . Interestingly, both full-length and N-terminally truncated CAX3, which is the CAX transporter most similar to CAX1 (77% identical at the amino acid level), do not apparently function in yeast as vacuolar Ca 21 transporters (Shigaki and Hirschi, 2000) . Understanding the localization, expression, and functional properties of these different CAX transporters is an important element in determining how plants regulate ion homeostasis.
Recently, CAX1 deletion mutants have provided insight into the physiological function of this vacuolar cation/H 1 antiporter (Catala et al., 2003; . Biochemical analysis of Ca 21 transport in cax1 indicated that under specific growth conditions, 50% of the H 1 /Ca 21 antiport activity in wild-type Arabidopsis was mediated by CAX1. Interestingly, the cax1 lines displayed increased vacuolar Ca 21 -ATPase activity and increased expression of CAX3 and CAX4. Despite these alterations in vacuolar transport activities, the effects of CAX1 deletion on plant growth were subtle. However, ectopic expression of the N-terminal truncated CAX1 in tobacco (Nicotiana tabacum) caused increased Ca 21 accumulation, whereas the expression of the N-terminal truncated CAX2 resulted in increased accumulation of Ca 21 , Cd 21 , and Mn 21 (Hirschi, 1999; Hirschi et al., 2000) . The genetic redundancy and functional compensation necessitate the analysis of multiple CAX mutants to fully understand the contribution of H 1 / Ca 21 antiport in physiological processes (Hirschi, 2003) .
In this study, we tentatively determine the membrane localization of CAX3 and characterize the tissue expression of CAX1 and CAX3. We further characterize the function of full-length CAX1 and CAX3 by utilizing yeast expression assays and report the isolation of CAX3 knockout mutants and describe the phenotypes of these plants at the wholeplant, molecular, and biochemical level. We then create cax1/cax3 double mutants and characterize these mutants in a similar manner. We conclude by assessing the impact of CAX1, CAX3, and CAX1/CAX3 disruptions on the plant ionome. Collectively, these findings offer unique insights into the functional plasticity of CAX transport and the association between these transporters and H 1 pumps, plant growth, and ion homeostasis.
RESULTS

Subcellular Localization of CAX3
CAX1 appears to localize and function in both yeast and plant vacuolar membranes Carter et al., 2004) . When heterologously expressed in yeast cells, both hemagglutinin (HA)-tagged CAX1 and CAX3 colocalize to the yeast vacuolar membrane (Shigaki et al., 2001 ). In addition, chimeric CAX3, which harbors the 9-amino acid Ca 21 transport determinant domain of CAX1, is able to mediate vacuolar Ca 21 antiport activity (Shigaki et al., 2001) . To further investigate the subcellular localization of CAX3 in plants, microsomal membranes from transgenic lines harboring the HA-tagged CAX3 fusion protein (HA-CAX3) were fractionated. Centrifugation through a linear Suc gradient was first used to compare the distribution of the epitope-tagged transporter in transgenic tobacco ( Fig.  1) to that of markers for the tonoplast, plasma membrane (PM), and endoplasmic reticulum (ER) lumen. As shown in Figure 1A , when membrane fractions were screened for the presence of HA-CAX3 accumulation, proteins of approximately 52 kD peaked in fractions of 28% to 34% Suc. The HA-CAX3 protein accumulated in fractions enriched in tonoplast, as indicated by the sedimentation profiles, which overlap with a resident protein (V-ATPase) from this membrane but did not overlap with marker proteins from the ER (immunoglobulin heavy chain binding protein [BiP] ) or the PM (PMA1; Fig. 1A) . Furthermore, the membrane profile of the proteins detected by anti-HA and anti-V-ATPase was unchanged in gradients pre- Figure 1 . Subcellular localization of CAX3. Immunoblot analysis of CAX3 in transgenic tobacco expressing HA-CAX3. Equal amounts of protein (10 mg) isolated from HA-CAX3-expressing tobacco leaf tissues were separated by SDS-PAGE, blotted, and subjected to westernblot analysis using antibodies against HA (HA-CAX3) and plant membrane markers: the plant ER luminal protein (BiP; StressGen Biotechnologies, Victoria, British Columbia), oat vacuolar ATPase (V-ATPase; Ward et al., 1992) , and a PM H 1 -ATPase (PMA1; Villalba et al., 1992) . HA-CAX3-expressing tobacco leaf tissue membranes were prepared and fractionated in the absence (A) or presence (B) of 1.5 mM MgCl 2 , as indicated. Numbers above the blots indicate the Suc concentration of each fraction. pared in the presence of Mg 21 , whereas the ER, as detected by anti-BiP, showed a large characteristic Mg 21 shift to heavier density fractions (Fig. 1B) . This result, together with the localization analysis in yeast, suggests that CAX1 and CAX3 localize to the same endomembrane system, namely, the vacuole.
Expression of CAX1::b-Glucuronidase and CAX3::b-Glucuronidase in Arabidopsis RNA-blotting analysis indicated that CAX3 transcripts were detected in Arabidopsis roots, stems, and flowers, but rarely in leaf tissues (Shigaki and Hirschi, 2000) . In comparison, CAX1 transcripts were highly accumulated in leaf tissues and were also detected in stems and flowers, with low levels of expression in roots (Hirschi, 1999; . Given that CAX3 shows 93% similarity to CAX1, cross hybridization might still occur even though gene-specific probes were used in northern-blot analysis (Shigaki and Hirschi, 2000) . In order to verify the expression of these two closely related CAX members and to gain a more precise profile of the expression pattern of the genes, we constructed CAX promoter::b-glucuronidase (GUS) reporters for CAX1 and CAX3. A 2.0-kb genomic DNA sequences upstream of the translation initiation (AUG) codon were amplified by PCR using the promoter-specific primers corresponding to CAX1 and CAX3, respectively. The constructs CAX3::GUS and CAX1::GUS were transformed into Arabidopsis ecotype Columbia (Col-0). As shown in Figure 2 , GUSstaining patterns were comparable to those revealed by RNA-blotting analysis. In CAX1::GUS transgenic plants, CAX1::GUS expression was predominately detected in leaf tissues (Fig. 2 , A and C) and in flowers of the mature plants (Fig. 2 , K and L). In cotyledons and young leaves, GUS staining was predominant in the vascular cells ( Fig. 2A) . Weak GUS staining was seen in roots and stems (Fig. 2 , E-G; data not shown), and in the root it was mostly in the vasculature. In comparison with CAX1::GUS, strong expression of CAX3::GUS was detected in roots, particularly in growing root tips (Fig. 2, H-J) . However, GUS signals were rarely detected in leaf tissues and only occasionally detected in stem tissues (Fig. 2 , B and D; data not shown). In mature plants, CAX3::GUS expression was observed in young flower buds as well as open flowers (Fig. 2M ). Both CAX1::GUS and CAX3::GUS were also expressed in the flowers and siliques (Fig. 2, K-N) .
Expression of CAX1 and CAX3 in Yeast
Previous findings suggest that the N-terminal region of CAX1 acts as an autoinhibitory domain for H 1 /Ca 21 transport activity when expressed in yeast (Pittman et al., 2002a) . To further compare the properties of the CAX transporters with (CAX) and without (sCAX) the putative N-terminal autoinhibitory domain, we cloned these open reading frames into high-copy yeast expression plasmids and expressed them in a yeast strain deficient in vacuolar Ca 21 transporters and lacking functional calcineurin Hirschi et al., 1996) . We examined the growth of yeast cells expressing empty vector control, N-terminally truncated CAX1 and CAX3 (sCAX1 and sCAX3), and full-length CAX1 and CAX3, in media containing 50 mM CaCl 2 . Under these semipermissive conditions, the vector control-expressing strain grew, albeit poorly; however, both the full-length CAX1 and truncated sCAX1-expressing cells suppressed the Ca 21 sensitivity, although the suppression by CAX1 was slightly weaker than sCAX1 (Fig. 3A) . Interestingly, the CAX3-expressing cells grew weakly under these conditions yet still stronger than vector control, while the sCAX3-expressing cells grew in a manner similar to vector controls (Fig. 3A) . In order to determine if there was some association between CAX1 and CAX3, we expressed both transporters simultaneously in this yeast strain, using His-and Ura-selectable yeast expression plasmids, and assayed for phenotypes under conditions that were nonpermissive for growth of each CAX transporter individually. Interestingly, the CAX11CAX3 coexpression strain was able to grow at 150 mM Ca 21 , while yeast expressing the full-length CAX1 or CAX3 individually could not grow (Fig. 3B) .
Analysis of cax3 Null Alleles
Although the structural features of CAX3 are similar to CAX1, the role of CAX3 in Ca 21 transport and/or ion homeostasis is still unclear. sCAX1 is able to suppress the Ca 21 hypersensitivity of K667 yeast at 50 mM to 200 mM CaCl 2 , while sCAX3 cannot ( Fig. 3A ; Shigaki and Hirschi, 2000; Shigaki et al., 2001 ). In addition, unlike sCAX1-expressing plants (Hirschi, 1999) , transgenic tobacco plants expressing sCAX3 did not display altered stress sensitivity ; data not shown). To investigate the physiological role of CAX3 in plants, we used PCR screening to identify two T-DNA insertional lines of CAX3 from two different resources (Sessions et al., 2002; Alonso et al., 2003) .
As shown in Figure 4A , we have isolated an Arabidopsis line (cax3-1) from the Syngenta Arabidopsis Insertion Library (SAIL) collection (Sessions et al., 2002) in the Col-0 carrying a T-DNA insertion within the CAX3 open reading frame corresponding to an insertion after the amino acid Arg-193. The T-DNA insertion confers BASTA resistance. A homozygous line was isolated by PCR analysis combined with BASTA selection. We have also isolated another allele, cax3-2, from the SALK collection in Col-0 . This T-DNA insertion conferred kanamycin (Kan) resistance. Homozygous lines were identified by PCR combined with Kan selection. Sequence analysis of the junction of the T-DNA insert determined that its location was between Phe-115 and Leu-116 (Fig. 4A ). These disruptions in CAX3 did not produce detectable levels of CAX3 RNA (Fig. 4B ), even when high levels (50 mM) of exogenous Ca 21 were added, an environmental factor which significantly increases the levels of CAX3 RNA (Shigaki and Hirschi, 2000) . Both the cax3-1 and the cax3-2 alleles were backcrossed to the wild type and the F 1 and F 2 progeny were analyzed as previously described . The F 2 progeny segregated 3:1 for the antibiotic resistance, indicating both alleles contain a single T-DNA insertion with a functional selection marker (data not shown).
In comparison with wild-type Col-0, Arabidopsis cax3 null alleles (cax3-1 and cax3-2) do not show any differences in seed germination, plant growth, or flowering time under normal growth conditions (data not shown). However, under Ca 21 stress conditions, both cax3-1 and cax3-2 had a 25% and 27% reduction in fresh growth weight when compared with wild-type controls and cax1-1 ( Fig. 4C ; data not shown). We demonstrated previously that deletion of CAX1 caused an approximately 50% decrease in vacuolar H 1 /Ca 21 antiport activity compared to wild-type plants . This antiport activity was measured following an 18-h pretreatment of the plants with 100 mM CaCl 2 prior to harvest and isolation of the vacuolar membrane vesicles. We wished to determine whether deletion of CAX3 caused a similar alteration in H 1 /Ca 21 antiport activity. Root tissue was harvested from wild-type, cax1, and cax3 plants pretreated with 100 mM CaCl 2 , and then H 1 /Ca 21 antiport activity was measured into vacuolar membrane vesicles by determining the accumulation of 10 mM CaCl 2 . While antiport activity into vesicles from cax1 plants was significantly decreased compared to wild type, consistent with our previous results, there was no significant change in activity from cax3 plants compared to wild type (Fig. 5A) .
Another biochemical phenotype of the cax1 mutant is a reduction in activity of the V-type H 1 -ATPase . For the experiment shown in B, CAX1 in a His-selectable plasmid was coexpressed with an empty Ura-selectable plasmid (line 2), CAX3 in a Ura-selectable plasmid was coexpressed with an empty His-selectable plasmid (line 3), and CAX1 and CAX3 were coexpressed in His-and Ura-selectable plasmids, respectively (line 4). For the empty-vector-alone control (line 1), both empty His-and Ura-selectable plasmids were coexpressed.
(V-ATPase) at the tonoplast . We also observed that increased expression of sCAX1 in the cax1 plant conferred an increase in V-ATPase activity . This phenotype of altered V-ATPase activity was also observed following CAX3 deletion, when hydrolytic activity of the H 1 pump was measured, although V-ATPase activity was not reduced as greatly in vacuolar membrane vesicles from cax3 plants (22% reduction in activity) compared to cax1 plants (38% reduction in activity; Fig. 5B ). We found that the cax1 mutant had no significant alteration in vacuolar H 1 -PPase (V-PPase) activity compared to wild type . Similarly, the cax3 mutant had equivalent V-PPase activity to wildtype and cax1 plants (data not shown).
Impaired Growth and Development in cax1/cax3 Mutant Plants
While cax1 plants displayed subtle stress tolerances and a late-flowering phenotype, eventually cax1 plants could grow and produce seeds normally . In addition, both cax1 and cax3 null alleles were modestly sensitive to exogenous Ca 21 (Catala et al., 2003; Fig. 4C) . To determine the functional interaction between CAX1 and CAX3, we constructed cax1/cax3 double-deletion mutants by crossing cax1 with cax3 and then selecting for cax1/cax3 double mutants in the F 2 generation. Homozygous alleles were identified by PCR. We first crossed the cax1 allele as a maternal with the cax3 allele as a parental. In the segregation analysis, 16 out of 238 individuals in the F 2 generation were smaller and stunted plants that displayed leaf tip necrosis ( Fig. 6; x 2 5 0.09; P 5 0.79 for a 1:15 segregation ratio), and all these plants were identified as homozygous for both the cax1 and cax3 alleles (see below). Similarly, in the cross between cax3 (as a maternal) and cax1 (as a parental), 15 out of 220 individuals in a F 2 population displayed identical phenotypes (x 2 5 0.12; P 5 0.78 for a 1:15 segregation ratio). These The lines harboring these insertions are termed cax3-1 and cax3-2. B, RNA gel-blot analysis of CAX3 expression in wild-type and cax3 alleles. Total RNA was extracted from 3-week-old wild-type and cax3 seedlings pretreated with 50 mM CaCl 2 overnight. Ten micrograms of total RNA from each sample was loaded, blotted, and hybridized with a 32 P-labeled cax3-specific probe. Ethidium bromide (EtBr) staining of the agarose gel is shown as a loading control. C, Reduction of growth mass in cax3 alleles. Five-day-old seedlings of wild-type (Col-0) and cax3 alleles were transferred and grown on one-half-strength MS medium in the presence or absence of 25 mM CaCl 2 for 10 d. Fresh growth mass of individual seedling for each line was measured. All results are means 6 SE (n $ 50). Data are representative of three independent experiments.
analyses indicate that the double-mutant phenotypes result from deletion of both CAX1 and CAX3 alleles.
The double deletion of both CAX1 and CAX3 had drastic effects on plant growth and development (Fig. 6 ; data not shown). The cax1/cax3 plants grew more slowly and were much smaller in comparison with the wild-type and single-mutant plants when grown on soil under continuous light conditions (Fig. 6, A and B), although no difference in germination was observed among the wild type and mutants. In addition, the cax1/cax3 mutant plants showed necrotic symptoms on the leaf tips and later on the shoot apex (Fig. 6 , A, C, and D).
The primary inflorescence stem of cax1/cax3 plants grew slowly, and eventually necrosis occurred shortly after stem elongation (Fig. 6D) . Like the rosette leaves, the cauline leaves also exhibited necrotic lesions at the leaf tips (Fig. 6D) . However, the second, third, and fourth shoots continued branching and growing until eventually these floral shoots died. This continued lateral branching and slow growth of the primary stem gave the mutant a bushy appearance (Fig. 6B) . Flower set was not significantly altered in the cax1/cax3 plant compared to wild-type and the single mutants, but silique size and seed numbers were dramatically reduced (Fig. 6, B , while the growth of cax1 seedlings on high Ca 21 media is reduced compared to that of wild-type plants (Catala et al., 2003) . The sensitivity of the cax1/cax3 double mutant to a variety of different ion stresses was tested using conditions as previously described for cax1 . cax1/cax3 mutant seedlings grew in a manner similar to wild type, and cax1 and cax3 single-mutant plants on standard one-halfstrength Murashige and Skoog (MS) (Fig. 6 , C and G). This phenotype was similar to the plants grown on soil under continuous light (Fig. 6A ). Most interestingly, the cax1/cax3 plants displayed robust growth on medium containing 15 mM MgCl 2 , which caused growth defects in the control and cax3 lines (Fig. 6H ) and the growth defects of the cax1/cax3 lines were suppressed by addition of MgCl 2 (data not shown). In addition, seed yield was significantly increased by growing , while activity from cax1/cax3 plants was also reduced compared to wild type and cax3, but still equivalent to the cax1 single-knockout plant (Fig. 7A) . The cax1/cax3 double mutant showed a 47% reduction in V-ATPase activity over wild-type activity as compared to the 38% and 22% reductions measured in the cax1 or cax3 single mutants, respectively (Figs. 5B and  7B ). The cax1/cax3 mutation had no significant effect on V-PPase activity compared to wild-type plants (data not shown).
Ion Profiling of cax1, cax3, and cax1/cax3
The mutant Arabidopsis lines cax1, cax3, and cax1/ cax3 were grown in standard potting conditions with 8 h light, alongside wild-type controls. Growth of the double mutant was clearly not as robust as wild-type controls ( Fig. 6; (Marschner, 1995) . 
DISCUSSION
Previously, we and others have shown that the loss of CAX1, a putative vacuolar H 1 /Ca 21 transporter, causes subtle morphological phenotypes (Catala et al., 2003; . However, CAX1 is a member of a large multigene family (Mäser et al., 2001 ). Herein we further analyzed CAX function by heterologous expression in yeast, we continued the characterization of cax1 and initiated studies to characterize the effects of the loss of CAX3, and, furthermore, we described the severe alterations in plant growth and the ionome caused by the cax1/cax3 double mutation. This work thus illustrated the potential synergy of CAX1 and CAX3 functions and the association between these transporters and plant growth, development, and ion homeostasis.
CAX3 Localization
An HA-tagged version of CAX3 appears to localize to the tonoplast of transgenic Arabidopsis and tobacco (Fig. 1) . The Mg 21 shift experiment suggests that CAX3 does not localize to the ER (Fig. 1B) ; furthermore, chlorophyll levels (a chloroplast marker) peaked in 41% to 43% Suc fractions in the presence or absence of Mg 21 (data not shown), indicating that CAX3 is not found at this organelle. A previous study revealed that mung bean (Vigna radiate) VCAX1-green fluorescent protein is localized to the tonoplast as well as having possible Golgi localization (Ueoka-Nakanishi et al., 2000) . In this study, we cannot exclude the possibility from these fractionation experiments that CAX3 may localize to another membrane fraction, such as the Golgi, that also does not shift in the presence of Mg 21 . However, localization of HA-CAX3 to the tonoplast when heterologously expressed in yeast (Shigaki et al., 2001 ) and suppression of the yeast vacuolar Ca 21 transport defect mutant phenotype by expression of HA-CAX3 (Cheng et al., 2002) , support our conclusion of vacuolar localization. Future CAX-green fluorescent protein fusion studies will be able to confirm the subcellular localization of CAX1 and CAX3 and will also be able to determine whether they are present on identical or different vacuolar subtypes.
Tissue Expression of CAX1 and CAX3
We demonstrate from the expression study that both CAX1::GUS and CAX3::GUS accumulate in the reproductive organs, such as floral tissues, but differentially accumulate in the vegetative organs (Fig. 2) . The most pronounced differences in the expression patterns of CAX1 and CAX3 can be seen in the leaf tissue. CAX3 is expressed at high levels in the roots but at low levels in leaves. In contrast, CAX1 is expressed at high levels in leaves and low levels in the root vascular cells. However, a notable area of expression overlap has recently been reported in guard cell microarray experiments where CAX3 expression is enhanced more than 4-fold in the leaf guard cells in response to ab- Figure 5 . B, V-ATPase activity in vacuolar membrane vesicles isolated from wild-type, cax1, cax3, and cax1/cax3 plants. Values for cax1 and cax3 activity are from the same experiment as shown in Figure 5B . Activity was determined in the absence or presence of the V-ATPase inhibitor bafilomycin, and net activity following subtraction of the bafilomycin background values is shown. Figure 8 . Alterations in the ionome in cax1/cax3, cax1, and cax3 mutants. Shoot samples from cax1/cax3, cax1, cax3, and wild-type plants were analyzed for Li (Hirschi, 1999; Shigaki and Hirschi, 2000) ; however our preliminary experiments show no significant Ca 21 induction of the CAX1::GUS and CAX3::GUS reporters (data not shown). We have tested a variety of different transcriptional fusions of CAX1::GUS and have been unable to see any alterations in GUS activity upon Ca 21 exposure (T. Shigaki and K.D. Hirschi, unpublished data) . This suggests that the regulatory elements in both the 2 kb of genomic sequences of CAX1 and CAX3 are insufficient to alter the reporter during Ca 21 treatments. Future experiments will be directed at dissecting the regulatory elements required for Ca 21 induction. Despite these limitations, the tissue expression profiles we have observed for CAX1::GUS and CAX3::GUS are consistent with those determined from both microarray and northern analyses, which also show both contrasting expression patterns for CAX1 and CAX3 in addition to overlap in some tissues (Hirschi 1999; Shigaki and Hirschi 2000; ; http://www.cbs.umn.edu/ arabidopsis).
A recent study of P-type ATPase heavy metal transporters has several parallels to our findings. Two closely related transporters, HMA2 and HMA4, are differentially expressed in vascular tissues and floral organs. A single-knockout mutation of each transporter does not display any growth defects; however, deletion of both HMA2 and HMA4 causes nutritional deficiencies and lethality (Hussain et al., 2004) .
CAX1 and CAX3 May Functionally Interact in Yeast
Deregulated versions of CAX1, particularly the truncated versions, have been shown to function in yeast as vacuolar H 1 /Ca 21 transporters (Hirschi et al., 1996; Pittman and Hirschi, 2001 (Shigaki and Hirschi, 2000) . When coexpressed, CAX1 and CAX3 can strongly suppress the Ca 21 sensitive phenotype (Fig. 3B) , suggesting an association between these proteins to alter transport function. This result is intriguing considering that there is specific overlap in the expression profiles of these transporters in planta (Fig. 2) . This suggests that CAX1-CAX3 functions as a heteromer only in certain cell types, specifically in parts of the flower, the embryo, and vascular tissue in the root under regular growth condition. CAX1::GUS expression is low in the root vasculature, so the occurrence of CAX1-CAX3 association may be less frequent here than in floral tissues. Further work is required to determine whether there are differential cation/H 1 antiport characteristics between CAX1 alone versus the putative CAX1-CAX3 heteromer. It is therefore possible that antiport activity in leaves, where CAX1 is highly expressed but CAX3 is undetectable, varies from activity in the flower, where CAX1-CAX3 association may occur. However, from the data in this study, we cannot conclude whether the yeast phenotype conferred by CAX1 and CAX3 coexpression is due to a direct protein-protein interaction. Several studies in both plants and animals have documented heteromeric interactions between related transporters with different kinetic characteristics, which confer novel biological properties that are not seen for each of the transporters individually (Ottschytsch et al., 2002; Reinders et al., 2002; Obrdlik et al., 2004) . Future work with the CAX transporters will be needed to determine if the biological effects of coexpression of these transporters are due to direct physical interactions or due to associations that do not involve heterodimerization.
Analysis of cax3 Lines
To date, we have been unable to directly measure the transport properties of CAX3 by heterologously expressing the transporter in yeast mutants sensitive to Ca 21 and other metals (Shigaki and Hirschi, 2000 ; data not shown). Although full-length CAX3 weakly suppressed the Ca 21 sensitivity of the K667 yeast mutant (Fig. 3A) transport activity following CAX3 deletion may be too small to detect. Alternatively, the lack of reduction in net H 1 /Ca 21 antiport activity in cax3 may also be due to up-regulation of additional CAX transporters. However, the cax3 plants do display a modest, yet significant sensitivity to increased concentrations of Ca 21 in the growth media (Fig. 4C) , further suggesting that CAX3 in planta does function as a Ca 21 transporter, albeit with weak activity. As V-ATPase activity is affected by CAX1 and CAX3 deletion, it is possible that the difference in Ca 21 /H 1 antiport activity between cax1 and cax3 is due in part to a differential DpH generated by the V-ATPase. However, for both cax1 and cax3, a similar inhibition of V-ATPase activity was observed, which we assume would disrupt DpH across the tonoplast equally in both lines, yet Ca 21 transport was significantly reduced only in cax1. Further experiments are needed to examine whether alterations in the magnitude of the DpH affects cation/H 1 antiport activities by different CAX transporters.
The morphological phenotype of the cax3 lines are subtle (Fig. 4C) . Unlike the cax1 lines, there is no alteration in root length and flowering time. While the cax1 lines are slightly more tolerant to an array of metals, including Mn 21 and Mg 21 , the cax3 lines, similar to cax1 (Catala et al., 2003) , have a modest sensitivity to Ca
21
. Given the reduced V-ATPase activity in the cax3 lines (Fig. 5B) , it is intriguing that we were unable to identify a more pronounced phenotype. Conceivably, a specific stress that we have not yet identified requires CAX3 function.
Analysis of cax1/cax3 Lines
A null mutant of VCX1, the H 1 /Ca 21 antiporter in yeast, displays normal growth despite these strains lacking all vacuolar Ca 21 /H 1 antiport activity (Miseta et al., 1999) . In contrast, the Arabidopsis lines that lack both CAX1 and CAX3 display dramatic phenotypes while apparently maintaining some H 1 /Ca 21 transport. However, the environmentally dependent nature of the H 1 / Ca 21 transport measurements ( Fig. 5 ; see above) suggests that under particular environmental conditions the reduction in transport may be more significant than the 50% measured in these assays. In addition, we suggest that the loss of both CAX1 and CAX3 will abolish the formation of the putative CAX1-CAX3 heteromer (Fig. 3) , which may have unique transport functions that are not produced by the single proteins, thereby producing the double-mutant phenotypes.
The 50% reduction in V-ATPase activity in the double mutant is comparable to the 60% reduction in V-ATPase activity reported for the V-ATPase mutant det3 (Fig. 7B) . The det3 lines display a variety of phenotypes that include reductions in hypocotyl, petiole, and inflorescence stem cell elongation (Schumacher et al., 1999) . The question raised here is whether these alterations seen in the cax1/cax3 plants are caused by diminished V-ATPase, by lack of expression of both transporters, or by the loss of transport properties due to the association of CAX1 and CAX3. Future work will test if other CAX double mutants are also affected by the changes in the proton gradients, and the severity of the phenotypes in these plants will help.
The cax1/cax3 phenotypes are consistent with the disruption of biochemical functions arising from inadequate supplies of particular elements (see below). For example, the tip burning and stress sensitivities are consistent with Ca 21 deficiencies (Marschner, 1995) . Previously, we have demonstrated that ectopic expression of deregulated CAX1 caused increased total Ca 21 , but like the cax1/cax3 double mutant, these plants appear Ca 21 deficient (Hirschi, 1999 Previously, we have demonstrated that altered expression of CAX1 caused altered activity of the V-ATPase . Similarly, deletion of CAX2 reduces V-ATPase activity (Pittman et al., 2004) . Here, we demonstrate that modulation of the V-ATPase is not CAX1 or CAX2 specific, as alterations in CAX3 also perturb this proton pump. We have yet to determine the exact mechanisms that allow altered H 1 /cation antiport activity to regulate activity of the V-ATPase. Future work will attempt to determine whether direct interactions between the antiporter and ATPase contribute to this regulation. The observation that altered expression of multiple CAX transporters (CAX1, CAX2, and CAX3) disrupts V-ATPase activity may suggest an indirect feedback mechanism that is due to the altered H 1 flux across the tonoplast. One possibility is that the deletion of any CAX affects the biosynthesis, assembly, and intracellular trafficking of the subunits of the V-ATPase.
This work does provide insights into how manipulating the expression of a particular antiporter impacts the ensemble of plant transporters. Recently, several labs have reported remarkable phenotypes associated with ectopic expression of vacuolar antiporters (Hirschi, 1999; Shaul et al., 1999; Hirschi et al., 2000; Zhang and Blumwald, 2001 ). However, if we do not understand the ramifications of these alterations on the H 1 pumps and H 1 electrochemical gradients (and eventually also manipulate these gradients), the growth and development of these engineered plants will remain unpredictable.
CAX and the Ionome
The dramatic phenotypes and alterations in the ionome of cax1/cax3 double mutants demonstrate an elaborate interplay between CAX function and the plant's mineral nutrient and trace element composition. These alterations in nutrients may be caused by a direct change in CAX vacuolar cation transport or through indirect changes such as alterations in V-ATPase activity. Alternatively, these changes may be caused by altered expression and activity of other transporters. The tissues used to analyze transport function and the ionome were different, and care must be taken in our conclusions. The transport data were obtained from root enriched samples where CAX3 is well expressed. However, the ionome data were from the rosette leaves and CAX3 is not well expressed in leaf tissue (Fig. 2) (Marschner, 1995 (Shigaki and Hirschi, 2000) . Our working hypothesis is that the alterations in nutrients are caused by a general disruption of the association between CAX transporters and the alterations in H 1 pumps.
CONCLUSION
Arabidopsis appears to have several putative CAX transporters (Mäser et al., 2001 ). Using yeast expression studies, our previous work suggested minimal functional overlap between CAX1 and the closely related transporter CAX3 (Shigaki and Hirschi, 2000) . Here, using similar yeast studies, we propose that different CAX transporters may associate, possibly to form heteromers, which confer different biological properties. Although CAX1 and CAX3 mutants have subtle morphological phenotypes, we demonstrate that perturbing both CAX1 and CAX3 causes significant alterations in plant growth including stunting and tip necrosis. In total, these perturbations cause dramatic alterations in the ionome. Thus, our present genetic studies in planta suggest functional association between the CAX transporters. The future challenge is to delineate the nature of this association and how the action of endomembrane H 1 /Ca 21 antiporters is integrated into shaping how plants acquire nutrients, grow, develop, and adapt.
MATERIALS AND METHODS
Plasmid DNA Constructs and Plant Transformation
To make transcriptional fusions to GUS reporter genes, CAX1 and CAX3 promoter regions upstream of the ATG start codon were amplified from Arabidopsis (Arabidopsis thaliana) genomic DNA by PCR using the following primers: forward primer 5#-GAA TTC AAG CTT ACT GCA GTG CAG TTT ACA CAC-3# and reverse primer 5#-GAA TTC GGA TCC TTC TCT ACT GAC TCA AAA CTT TG-3# for the CAX1 promoter; and forward primer 5#-GAA TTC CTC GAG TTT ACA ACT ACA TAA GTT TTG-3# and reverse primer 5#-GAA TTC GGA TCC GTT TTA AGA CGT TTT GAT TCT AC-3# for the CAX3 promoter. The restriction enzyme sites HindIII, XhoI, and BamHI were introduced and underlined. The 2-kb PCR products of CAX1 and CAX3 promoter sequences were cloned into the pGEM-T vector (Promega, Madison, WI). The gene promoter fragments were subcloned into the HindIII/BamHI or XhoI/BamHI sites of the pBI121 vector (BD Bioscience CLONTECH, Palo Alto, CA), to replace the cauliflower mosaic virus 35S promoter and generate the chimeric CAX1::GUS or CAX3::GUS constructs.
The triple HA epitope-tagged CAX3 (HA-CAX3) was constructed as previously described (Shigaki et al., 2001) . The HA-CAX3 gene was subcloned into the plant expression vector pBI121, which is driven by a cauliflower mosaic virus 35S promoter.
All the recombinant plasmids and empty vector controls were transformed into Agrobacterium tumefaciens GV3101 (Sambrook et al., 1989) . These strains were used to transform the Arabidopsis Col-0 using the floral dip method (Clough and Bent, 1998) or tobacco (Nicotiana tabacum cv K160) according to published methods (Hirschi, 1999) . For Arabidopsis transformation, T 1 seeds were screened on the selection medium and resistance seedlings were transferred to soil, and T 2 seeds were harvested. Homozygous lines were selected by examining the Kan resistance of T 2 seedlings.
Histochemical Assay of GUS Gene Expression
Histochemical assays for GUS activity in T3 generation of Arabidopsis transgenic plants harboring CAX1::GUS or CAX3::GUS, respectively, were performed according to the protocol described previously .
Yeast Strains and Growth
The Saccharomyces cerevisiae strain K667 (cnb1::LEU2 pmc1::TRP1 vcx1D; Cunningham and Fink, 1996) was used to express vector control and various CAX constructs. Yeast transformation and growth analysis was carried out as previously described (Shigaki et al., 2001 ).
Membrane Fractionation of HA-CAX3-Expressing Tobacco and Western-Blot Analysis
Microsomal membranes were prepared from HA-CAX3-expressing tobacco leaf tissues as previously described . Immunoblots were performed as previously described ). The HA epitope and the membrane marker proteins were detected as described previously .
Isolation of CAX3 Knockout Mutants and Creation of cax1/cax3 Double Mutants
To isolate cax3 null alleles, two T-DNA insertional lines were collected from the SAIL T-DNA insertion collection (Sessions et al., 2002) and the SALK T-DNA insertion collection . Homozygous plants from each T3 generation were obtained by PCR screening using CAX3-specific and T-DNA border primers. A CAX3 forward primer, 5#-CTT CCG GGA AGC TGC GTA CAT AGA TGG ACC CAA C-3#, and a T-DNA left border primer, 5#-TAG CAT CTG AAT TTC ATA ACC AAT CTC GAT ACA-3#, were used to screen for the cax3-1 allele (SAIL line). The CAX3 forward primer (as above) and a T-DNA right border primer, 5#-TGG GAA AAC CTG GCG TTA CCC AAC TTA AT-3#, were used to screen for the cax3-2 allele (SALK line). A CAX3 forward primer (as above) and a CAX3 reverse primer, 5#-ATT CGC ATG AAA ACA TGA CGT AAC TCT TAG GTA-3#, were used to amplify the wildtype CAX3 gene. The location of the T-DNA insertion was determined by sequencing of the PCR product. Both cax3 alleles were backcrossed to their parental plants to remove any potential unlinked mutations. To create cax1/ cax3 double-deletion mutants, cax1-1 and cax1-2 alleles were crossed with the cax3-1 allele, and the F 2 generation was selected for cax1/cax3 double mutant. Homozygous alleles, cax1-1/cax3-1 and cax1-2/cax3-1, were identified by PCR combined with Kan or BASTA resistance selection.
RNA Gel-Blot Analysis
For RNA gel-blot analysis, 3-week-old Arabidopsis wild-type (Col-0) and cax3 mutant plants were harvested and treated with water (as a control) or 50 mM CaCl 2 for 16 h. Total RNA was extracted, blotted, and hybridized with 32 P-labeled CAX3 gene-specific probes as previously described .
Plant Materials and Growth Conditions
Arabidopsis Col-0 was used in this study. Wild-type and cax single-and double-mutant seeds were surface sterilized, germinated, and grown on onehalf-strength MS medium (Murashige and Skoog, 1962) containing 0.5% Suc solidified with 0.8% agar. All plates were sealed with paper surgical tape (Tenderskin, The Kendall Company, Mansfield, MA) and incubated at 22°C under continuous cool-fluorescent illumination for various intervals of time under various environmental conditions. For the ion sensitivity assays, 5-d-old wild-type and cax seedlings grown under normal conditions were transferred onto one-half-strength MS media and the identical media supplemented with various metal ions . To examine morphological phenotypes of mature wild-type and cax single-and double-mutant plants, seeds were sown in artificial soil (Metromix 200, Scotts, Marysville, OH) , then kept at 4°C for 2 d to synchronize germination and then grown at 24°C under continuous light. Plants were observed after germination until 6 weeks of age. All photos were taken using a Nikon digital camera (Nikon Coolpix 995, Nikon, Tokyo).
